Aims Plant aerial development is well known to be affected by day length in terms of the timing and developmental stage of floral transition. Arabidopsis thaliana is a 'long day' plant in which the time to flower is delayed by short days and leaf number is increased. The aim of the work presented here was to determine the effects of different day lengths on individual leaf area expansion. The effect of flower emergence per se on the regulation of leaf expansion was also tested in this study. † Methods Care was taken to ensure that day length was the only source of micro-meteorological variation. The dynamics of individual leaf expansion were analysed in Ler and Col-0 plants grown under five day lengths in five independent experiments. Responses at cellular level were analysed in Ler plants grown under various day lengths and treatments to alter the onset of flowering. † Key Results When the same leaf position was compared, the final leaf area and both the relative and absolute rates of leaf expansion were decreased by short days, whereas the duration of leaf expansion was increased. Epidermal cell number and cell area were also altered by day-length treatments and some of these responses could be mimicked by manipulating the date of flowering. † Conclusions Both the dynamics and cellular bases of leaf development are altered by differences in day length even when visible phenotypes are absent. To some extent, cell area and its response to day length are controlled by whole plant control mechanisms associated with the onset of flowering.
INTRODUCTION
Generally, studies of the effect of day length concentrate upon photoperiod sensing and the control of floral transition (Onouchi and Coupland, 1998; Carré, 2001; Yanovsky and Kay, 2002) . There has been little detailed characterization of the effects of day length on individual leaf expansion per se. Previous investigations of this type have generally been done on plants grown under field conditions in which the precise effects of photoperiod on development have been difficult to elucidate because different day lengths occurred with changes in leaf temperature and/or cumulative daily light supply (e.g. Slafer et al., 1994; Bulter et al., 2002) . In a few studies during the 1960s, the part played by daily light supply and its two components, day length and light intensity, in influencing leaf development was investigated in plant culture chambers (Arney, 1956; Newton, 1963) . It was reported that the amount of radiation per day had a far greater influence on individual leaf area than either of its components per se (Newton, 1963) . Nevertheless, significant effects of day length on individual leaf expansion have been reported. For example, final leaf size was increased by short-day treatments in Cucumis sativus (Newton, 1963) or by long-day treatments in strawberry (Arney, 1956 ) and temperate grasses (Hay, 1990) .
Arabidopsis thaliana is a 'long day' plant in which the time to flower is delayed by short days and consequently leaf number is increased. In this species, the effect of day length on floral transition has been studied in many accessions, mutants and transgenic lines (Lempe et al., 2005) . Physiological and molecular events associated with these responses have been described (Corbesier and Coupland, 2005) . Some genes that regulate sensitivity to day length also have a role in the regulation of leaf development at the cellular level (Wang et al., 2003) , suggesting that both processes are somehow related. This work aims to investigate the effect of different day length conditions on individual leaf area and on the dynamics and cellular bases of leaf expansion in this species. Leaf expansion and cell division are thought to depend upon the number of leaves growing at a given time (Wilson, 1966 ) and on the presence or absence of the vegetative shoot apical meristem (Ashby, 1948) , which both are affected by day length. Therefore, the impact of whole-plant control mechanisms associated with leaf expansion was also investigated by manipulating the timing of floral transition and examining its effect on leaf development.
MATERIALS AND METHODS

Plant culture conditions
Seeds of A. thaliana (L.) Heynh., ecotypes Landsberg erecta (Ler) and Columbia-0 (Col-0), (Nottingham Arabidopsis * For correspondence. E-mail granier@ensam.inra.fr Stock Centre) were grown in growth chambers for five experiments. Light in the growth chambers was provided by a bank of cool-white fluorescent tubes and sodium lamps. Air temperature and relative humidity were measured by sensors at 20-s intervals (HMP35A Vaisala Oy, Helsinki, Finland). Leaf temperature was measured with copper-constantan thermocouples touching the lower side of the lamina after leaf emergence. All measurements of temperature, PPFD ( photosynthetic photon flux density) and relative humidity were averaged and stored every 600 s by a datalogger (Campbell Scientific, LTD-CR10 Wiring Panel, Shepshed, Leics., UK). Vapour pressure deficit (VPD) was calculated and monitored continuously during the experiments and kept below 0 . 8 kPa. Air temperature was maintained between 18 . 5 and 20 8C and air humidity was maintained to regulate the desired VPD in all treatments. Data concerning the environmental conditions of plant culture are given in Table 1 .
Seeds were stored at 4 8C before sowing. In expts 1, 4 and 5, five seeds were sown in 250 cylindrical pots (53 mm in diameter and 88 mm in height) containing a 50 : 50 mixture (v/v) of loamy soil and organic compost. In expts 2 and 3, 80 seeds were sown in eight large plastic containers (0 . 5 m wide, 0 . 5 m long and 0 . 15 m deep). To avoid population density effects, young seedlings were thinned to one plant per pot 10 d after plant germination in expts 1, 4 and 5 and to 40 plants per container in expts 2 and 3. In each experiment, the substrate was maintained at 80 % of field capacity (corresponding to a soil water content of 0 . 50 g g 21 of dry soil) by weighing the pots or container once a day and watering them with a modified one-tenth strength Hoagland's solution with additional micronutrients (Hoagland and Arnon, 1950) .
During expt 1, Ler plants were grown under either a 12-or a 16-h day length and the daily PPFD was approx. 12 mol m 2 d 21 which, on average, corresponded to 279 and 205 mmol m 2 s
21
, respectively. During expt 2, Col-0 plants were cultured under a 12-h day length, whereas during expt 3 they were grown under a 16-h day length. Daily PPFD during these two experiments was of 7 . 6 and 7 . 7 mol m 2 d
, respectively which, on average, corresponded to 134 and 177 mmol m 2 s
, respectively. During expt 4, Ler plants were grown under either a 10-or a 20-h day length with a daily PPFD of 9 . 2-9 . 3 mol m 2 d
. This corresponded to an instantaneous incident PPFD of 128 and 257 mmol m 22 s 21 for plants grown under a 20-or a 10-h day length. An additional treatment was imposed during expt 4 when leaf 10 was initiated half the plants grown under the 10-h day length were transferred to the 20-h day length to accelerate the onset of flowering. During expt 5, Ler plants were grown under a 14-h day length and when the flower bud emerged it was removed from half of the plants being cultured.
In all experiments, neutral shading was used to alter the light quantity in the chambers without affecting its spectrum as measured using a LI-1800 spectroradiometer (LI-COR, Lincoln, NB, USA; data not shown).
Growth analysis
Number of leaves initiated. Five plants were harvested at intervals of 1-3 d. Plants were dissected in a drop of water using a microscope (Leica stereomicroscope, wild F8Z; Wetzlar, Germany) at a magnification of Â160. The number of leaves initiated (number of leaves visible on the apex) was counted. Leaves were visible when their areas were approx. 0 . 001 mm 2 .
Individual leaf expansion, calculations of rate and duration of leaf expansion. Areas of leaves were measured at intervals of 1 -3 d from initiation to the end of expansion for all rosette leaves produced during an experiment. From leaf initiation to leaf emergence, this was done by dissecting the apex of five plants in a drop of water under the microscope, the area of the excised leaf 6 was measured with image analysis software (Bioscan-Optimas V 4 . 10, Edmonds, WA, USA). After leaf emergence, leaf area of five plants per treatment was measured non-destructively with the aforementioned image analysis software on digital photographs until the end of leaf expansion.
A sigmoidal curve was fitted to the curve relating leaf area ( y) to time (X ):
where B is the slope parameter and X0 is the curve inflection point parameter. Final leaf area was calculated as the upper asymptote (A, the plateau) of the sigmoidal curve (eqn 1). Leaf expansion was considered to begin at the time at which the leaf was initiated and to end when it reached 95 % of its final area as calculated from the sigmoidal curve (eqn 1). The maximum absolute expansion rate Torres and Frutos, 1989) :
Absolute leaf expansion rate at time j (LER j ) was calculated from initiation to the end of expansion as the local slope of the relationship between leaf area and time. It was calculated by calculating the slope over three data points ( j þ and 22 or 3 d) which was plotted against the mean time over the period for which it was calculated.
Leaf relative expansion rate at time j (RER j ) was calculated from initiation to the end of expansion as the local slope (at time j) of the relationship between the logarithm of leaf area (A) and time (see Granier and Tardieu, 1998a) :
Mean initial relative leaf expansion rate (RER i ) was calculated as the mean slope of the relationship between leaf area and time on a logarithmic scale during the period that this relationship is near-linear (see Granier et al., 2002) .
Epidermal cell area and number. When the five leaves followed by digital pictures were fully expanded, a transparent negative film of the adaxial epidermis was obtained after evaporation of a varnish spread on the upper surface of the leaf. Films were placed under a microscope (Leica, Leitz DM RB, Wetzlar) coupled to a colour video camera (CCD IRIS/RGB, Sony, Japan) and the cell areas were measured using the aforementioned image analysis software. The area of a total of 100 cells per leaf was measured, corresponding to four patches of 25 neighbouring epidermal cells. One patch was located at the base of the leaf, one at the tip of the leaf, and two in the middle of the leaf on either side of the main vein. Epidermal cell number per leaf was calculated by dividing the final leaf area by mean epidermal cell area.
Statistical analysis of data
Differences in initial relative leaf expansion rate among the treatments were evaluated by the likehood ratio statistical test. All other statistical analyses were done using the computer package SPSS 11 . 0 for Windows (SPSS Inc., Chicago, USA) with a significance level of P ¼ 0 . 05. Final leaf area, maximal absolute leaf expansion rate, the duration of leaf expansion and epidermal cell area were compared using a one-way ANOVA and epidermal cell area was analysed using a Mann -Whitney U-test.
RESULTS
Day length affects leaf number without affecting the rate of leaf initiation
Approximately ten leaves were formed on the rosette when A. thaliana Col-0 plants were grown under the long-day treatment of 16 h (Fig. 1A) . The final rosette leaf number was increased by a short-day treatment of 12 h and reached around 16 leaves per rosette (Fig. 1A) . In Ler, nine leaves were formed on the rosette when plants were grown under a 20-h day length and the final rosette leaf number reached around 21 leaves per rosette under the 10-h day-length treatment ( Fig. 1B) . In both ecotypes, this increase in leaf number in response to the decrease in day length was not related to the rate at which leaves were initiated on the apex, but was due to an increase in the duration of the phase with leaf production (Fig. 1A, B ).
Day length only slightly affects final individual leaf area
The profiles of final leaf area variation of plants grown under different day lengths show that leaf area varied depending on leaf position in the rosette both in Col-0 ( Fig. 2A) and Ler ( Fig. 2D and Supplementary Information). For all plants, independently of the day-length treatment, the first two leaves were of similar area and then most of the subsequently initiated rosette leaves increased in size until a maximum was reached. For plants grown in long days (16 h for Col-0 or 16 and 20 h for Ler), the leaf with maximal area was generally one of the last two leaves formed on the rosette (leaf 9 or 10). For plants grown in short days, leaf area increased with increasing leaf number for the first two-thirds of the leaves produced; for Col-0 at 12 h and Ler at 12 or 10 h this corresponded to leaves 16, 13 and 15, respectively, and the final few leaves were reduced in size. A short-day treatment had a tendency to cause a decrease in the final leaf areas of leaves emerging after leaf 2 both in Col-0 and Ler. This decrease was significant for leaves 5 and 7 when Col-0 plants were grown under a 12-h day length compared with those grown under 16 h ( Fig. 2A) , and significant for leaves 4 -7 when Ler plants were grown under a 10-h day length compared with those grown under 20 h (Fig. 2D , and Fig. 3A for leaf 6).
Day length affects the dynamics of individual leaf expansion
A detailed analysis of the dynamics of the expansion of the 6th leaf of Ler plants grown under 10-and 20-h day lengths is presented in Fig. 3 . Leaf area expansion forms a sigmoid-shaped curve when plotted on a linear scale (Fig. 3A) . This suggests that leaf expansion is slow during the early stage of leaf development and that it then accelerates with time until finally slowing down towards the end of leaf expansion. As a consequence, plotting absolute leaf expansion rate (the area formed per unit of time) against time produces a bell-shaped curve (Fig. 3B) , the maximum of which can be quantified (maximal absolute leaf expansion rate; see Materials and methods). Maximal absolute leaf 6 expansion rate was significantly reduced when plants were grown under the short-day treatment (F 1 , 18 ¼ 42 . 7, P , 0 . 0005; Fig. 3B ). In contrast, when leaf expansion was expressed on a relative basis, relative leaf expansion rate (the area formed per unit of area and per time, mm 2 mm 22 d
21
) was high at the beginning of leaf expansion and then declined continuously until the end of expansion (Fig. 3C) . The initial maximal relative leaf expansion rate was quantified (see Materials and methods) and it was significantly reduced when plants were grown under the short-day treatment (Fig. 3C) .
Maximal absolute leaf expansion rate was also calculated for each leaf formed on the rosette of Ler plants grown under a 10-, 12-, 16-and 20-h day length and Col-0 plants grown under a 16-and a 12-h day length. The differences in maximal absolute leaf expansion rate among leaves under a given environmental treatment followed a pattern similar to that of final leaf area ( Fig. 2A, B , D, E, and Supplementary Information). The short-day treatment of 12 h decreased the maximal absolute leaf expansion rate slightly in leaves 3 -9 of Col-0 when compared with the long-day treatment of 16 h but this effect was not significant. In Ler the differences in maximal absolute leaf expansion rate between plants grown under a 16-or a 12-h day length were consistent but also not significant (Supplementary Information). However, in this ecotype, a shorter day-length treatment of 10 h decreased significantly the maximal absolute leaf expansion rate of all leaves after leaf 3 when compared with the long-day treatment of 20 h (Fig. 2E) .
Relative leaf 6 expansion rate was slightly decreased by the short-day treatment during most of leaf 6 development. The rapid expansion of young leaves can be quantified by estimating the slope of the change in leaf area on the natural log scale against time when this relationship is nearlinear (initial relative expansion rate). Initial relative leaf expansion rate was calculated for each leaf formed on Col-0 plants grown under a 12-and a 16-h day length (Fig. 2B insert) . The short-day treatment (12 h in comparison with 16 h) reduced the initial relative leaf expansion rate in all leaves. The reduction was significant for all leaves except the first 2 and the 6th leaf (P , 0 . 05, likelihood ratio test).
The end of leaf expansion was slightly delayed by the short-day treatment, thus the leaves expanded for slightly longer. However, in Fig. 3 this effect on the duration of leaf expansion was not significant (F 1 , 18 ¼ 3 . 0, P ¼ 0 . 099; Fig. 3A and B) .
The duration of leaf expansion was also calculated for each leaf formed on the rosette of Ler plants grown under a 10-, 12-, 16-and 20-h day length and Col-0 plants grown under a 16-and a 12-h day length. Short-day treatments caused an increase in the duration of leaf expansion for all leaves of the rosette both in Col-0 and Ler (16 h/12 h in Col-0; Fig. 2C ; 20 h/10 h in Ler, Fig. 2F ). These differences in the duration of leaf expansion were significant for leaves 1 -3, 5, 9, 10 when comparing Col-0 plants grown under 16-and 12-h day lengths (Fig. 2C) , and for leaves 1 -4, 8 and 9 when comparing Ler plants grown under 20-and 10-h day lengths (Fig. 2F ). Responses were conserved but they were less obvious when Ler plants were grown at 12-and 16-h day lengths (Supplementary Information).
Day length affects cellular processes underlying individual leaf expansion
Final epidermal cell area and final epidermal cell number were estimated for each odd-numbered leaf formed on Ler rosettes grown under a 10-and 20-h day length. Epidermal cell number increased with increasing leaf number, except for the final leaves of the short day-grown plants (Fig. 4) . The differences in epidermal cell number among leaves under a given environmental treatment followed a similar pattern to that of final leaf area ( Figs 2D and 4) . In contrast, median epidermal cell area decreased with increasing leaf number to a minimum mean cell area of 1000 mm 2 , which was reached by leaf 9 of plants grown under a 20-h day length and by leaf 15 of those grown under a 10-h day length (Fig. 5) . The whole distribution of epidermal cell area was shifted towards lower values with increasing leaf number as shown by the box plot Means with 95 % confidence intervals are given, n ¼ 5.
distributions of cell area in these leaves (Fig. 5) . A shortday treatment decreased epidermal cell number when similar leaf numbers were compared after leaf 5 (Fig. 4) . Epidermal cell area was not affected by the short-day treatment in leaves 1, 3 and 5 but was slightly increased for leaf 7 and significantly increased for leaf 9 (P ¼ 0 . 0006; Fig. 5 , inset).
Accelerating and delaying floral development affects cellular processes in the same fashion as long-day and short-day treatments, respectively
At the cellular level, long days had a tendency to cause a decrease in epidermal cell area and an increase in epidermal cell number of leaves at a given position on the rosette, as shown for leaf 9 of Ler plants grown at three different day lengths (10, 14 and 20 h; Fig. 6 ). When a Mann -Whitney U-test was done to compare the data statistically, the decrease in cell area was significant only when the 10-h and 20-h day-length treatments were compared (not for 10 h/4 h and 14 h/20 h).
To test whether this result was specific to day-length perception or to an indirect effect of day length via an acceleration of flowering, two further treatments were imposed to accelerate or delay flower formation. During expt 4, half of the plants grown with a 10-h day length were transferred to a 20-h day length at the initiation of the 10th leaf (stage corresponding to the emergence of the 6th leaf ). This treatment caused an acceleration of the onset of flowering as it reduced the duration of the phase during which leaves are initiated and consequently the final leaf number per plant (Table 2 ). Epidermal cell area was decreased in leaf 9 of plants subjected to this treatment when compared with plants grown during the whole experiment at a 10-h day length even if this decrease was not significant (Fig. 6A ). This decrease in epidermal cell area occurred with an increase in epidermal cell number (Fig. 6A, B) .
During expt 5, Ler plants were continuously grown at a 14-h day length but in some plants, flower buds were excised at bolting to delay flower formation. Epidermal cell area was significantly increased in leaf 9 of plants subjected to this treatment when compared with those grown without flower bud excision (P ¼ 0 . 032; Fig. 6A ). Epidermal cell number was also increased (Fig. 6B) .
Short-day effects on the cellular development in leaves could at least partly be mimicked by delaying flowering. 
DISCUSSION
The day length responses could not be attributed to differences in other micro-meteorological conditions
The plant culture and micro-meteorological facilities used in this work allowed the precise imposition and characterization of different environmental conditions imposed. For the two most extreme treatments of 10 and 20 h, the total incident radiation received by the plants varied by only 0 . 05 mol m 2 d 21 and the mean leaf temperature (measured every 10 min during the whole experiment) varied by only 0 . 06 8C. The changes in instantaneous light intensity were modified by neutral shading so that factors associated with changes in light quality did not impact upon the results. Reductions in light intensity are most often accompanied by a decrease in VPD and plant transpiration.
Depending upon the interaction with other environmental conditions this could favour leaf expansion rate as demonstrated by the negative relationship obtained between leaf expansion rate and VPD in maize (Ben Haj Salah and Tardieu, 1996) . Thus, here, VPD was maintained at low values in all of the treatments to accurately test an effect of day length. Similarly, soil water content was adjusted daily on a pot-to-pot basis in expts 1, 4 and 5 to avoid the establishment of different soil humidities among the treatments.
The maintenance of equal total daily incident PPFD received by the plants grown under different day lengths required a drastic reduction in the instantaneous PPFD. Such a reduction in PPFD could be perceived by the plants being examined as a 'shade' rather than an altered day-length treatment. However, the present results demonstrate that the responses observed were specific to the daylength treatments themselves and not due to shade responses. In fact, leaf expansion rate was increased and the duration of leaf expansion was decreased by long-day treatments (which in this study was accompanied by a decrease in instantaneous incident light). It is known that these growth variables are decreased and increased, respectively, in response to shading treatments (Chenu et al., 2005; Cookson and Granier, 2006) . Similarly, at the cellular level, cell number was increased by a long-day treatment whereas it is decreased by shading, and cell area was decreased by a long-day treatment whereas it is increased by shading . In summary, for both the dynamics and cellular bases of leaf expansion, the responses to an increase in day length reported were exactly the opposite of what has been reported in response to shade.
Day length does not affect the rate of leaf initiation but affects the dynamics of individual leaf expansion There is controversy concerning the effect of day length on the rate of leaf initiation or appearance with very different results reported for different species studied under different environmental set ups (Pararajasingham and Hunt, 1995 , and the references therein). The considerable genetic variation observed in the response of leaf appearance rate to day length among different wheat cultivars further complicates this issue (Pararajasingham and Hunt, 1995) . In Ler, a day length of 10 h caused an increase in rosette leaf number by a factor of 2 . 3 in comparison with plants grown under a 20-h day length. This alteration occurred without affecting the rate of leaf initiation. Many studies of grasses grown under similarly wellcontrolled environmental conditions have reported analogous results (Cooper, 1951; Ryle, 1966; Østgård and Eagles, 1971; Hay and Pedersen, 1986) .
In A. thaliana, a short-day treatment induced an increase in leaf number which occurred with a slight decrease in individual leaf area. When comparing the effects of daylength treatments of 16 and 12 h on plant development, leaf size differences were observed in Col-0, whereas in Ler the final leaf area of individual leaves was not affected. In Ler, leaf size differences were only observed when The number of rosette leaves at flowering, the duration of the phase with initiation of leaves and the final total rosette leaf area are given for each treatment. The 95 % interval of confidence is given in parenthesis.
extremes of day length were analysed (here 20 h and 10 h). This result is similar to reports of the effects of day length on leaf expansion in wheat cultivars grown in growth chambers in which cultivars showed different degrees of final leaf size response (Pararajasingham and Hunt, 1995) . Previous work has reported a direct influence of day length on individual leaf size (Arney, 1956; Newton, 1963) . However, the dynamic analysis of leaf expansion of plants grown under different day-length regimes performed here reveals that the slight differences in final leafarea hide significant differences in the dynamics of leaf expansion (short-day treatments decrease the absolute leaf expansion rate and increase the duration of leaf expansion).
The antagonist effects of day length on the rate and duration of leaf expansion reported here have been described in response to other environmental conditions such as temperature (Granier and Tardieu, 1998b; Granier et al., 2002) , light intensity (Chenu et al., 2005; Cookson and Granier, 2006) and moderate soil water-deficit treatments (Aguirrezabal et al., 2006) . This phenomenon appears to be a general feature of how A. thaliana adapts to stress environmental conditions. How such an antagonistic behaviour could function remains nevertheless difficult to elucidate. Presumably an increase in the duration of leaf expansion when expansion rates are reduced is a mechanism of adaptation to increase leaf area under stress conditions. However, it does not seem to be a well-conserved property of leaf developmental plasticity between different plant species or genotypes as it was not observed, for example, in sunflower leaves grown either at different light intensities or soil water deficit treatments (Granier and Tardieu, 1999a, b) . In addition, absolute leaf expansion rate could be reduced in some leaf growth mutants without alteration in duration of leaf expansion and vice versa (Cookson et al., 2005) .
Although these antagonistic responses are evident when comparing different environmental treatments, if one compares all leaves of the rosette, under a given environmental treatment, they show remarkably similar initial relative leaf expansion rates and durations of expansion. This could suggest that there is a common plant-wide control of these developmental variables under unchanging environmental conditions.
The cellular basis of the day length-induced differences in leaf development is, at least partly, related to floral development
As shown for leaf growth responses to many other environmental conditions, cell number and leaf area were similarly affected by day length. In addition, epidermal cell number and final leaf area had similar profiles when all individual leaves of the rosette were considered successively. This work adds further support to the idea that both cell division and organ expansion are tightly related. In contrast, epidermal cell area was increased by a decrease in day length when cell number decreased. Cell area also decreased with increasing leaf number, whereas cell number increased. These antagonistic responses of cell number and cell size were also observed in A. thaliana plants subjected to shading and moderate soil water-deficit treatments (Aguirrezabal et al., 2006; Cookson and Granier, 2006) .
The decline in cell area with increasing leaf position reported here has also been reported in other species, such as Ipomoea (Ashby, 1948) and sunflower (Granier and Tardieu, 1998a) . In A. thaliana, a minimum epidermal cell area of approx. 1000 mm 2 was measured in the last rosette leaf formed by the plant, independent of the number of leaves formed. The epidermal cell area results from plants grown under conditions that alter the timing of flowering, were in agreement with the ideas of Ashby (1948) , who suggested that cell area depends on wholeplant control mechanisms related to flowering. Inducing flowering and delaying flowering mirrored the effects of short and long days, respectively, at the cellular level, suggesting that at least part of the day-length response of individual leaf development is mediated via whole-plant control mechanisms associated with floral development. It is now well-established that the day-length signal is perceived in the leaf, and that this signal is transduced to the shoot apex, where floral initiation occurs (Huang et al., 2005) . The present results suggest that another signal from the shoot apex is involved in cell area regulation of growing leaves.
CONCLUSIONS
This is the first report of the effect of day length on dicotyledonous leaf expansion at the dynamic and cellular levels. Day length affects the dynamics of leaf development even when visible morphological changes are absent. The maximum absolute leaf expansion rate and cell number are decreased by short days, whereas the duration of leaf expansion and cell area are increased. Part of the increase in cell size caused by short-day treatments results from indirect effects of day length and is controlled by wholeplant mechanisms associated with the acceleration of flowering. The interaction between flowering transition and vegetative development shown here highlights the difficulty of morphological phenotyping of A. thaliana genotypes because many accessions, mutants or transgenic lines have different dates of flowering, and this could have an impact on leaf development in those lines.
SUPPLEMENTARY INFORMATION
A supplementary figure showing changes with time of leaf area, absolute leaf expansion rate and relative leaf expansion rate of Ler plants grown in expt 1 is available online at http://aob.oxfordjournals.org/.
